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Structure and Function of
Natural-Killer-Cell Receptors

Abstract

The function of natural-killer (NK) cells is modulated by the bal-
ance between a number of activating and inhibitory receptors. Killer
immunoglobulinlike receptors (KIRs) are mostly inhibitory recep-
tors. They play a critical role in recognizing self-class-I major his-
tocompatibility complex (MHC) molecules and thus protect healthy
host cells from NK-targeted lysis. In contrast, both NKG2D and
CD16 are activating NK receptors that trigger the NK-cell lysis of
various tumor and virally infected cells through either direct ligand
engagement or antibody-dependent cellular cytotoxicity (ADCC).
Through structural studies of members of these distinct receptor
families, in particular, the structure and recognition between
KIR2DL2 and HLA-Cw3, that between NKG2D and ULBP3, and
that between CD16 and IgG Fc, considerable understandings have
been achieved about their function and their ligand recognition.
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Molecular Recognition Between KIR and
HLA Distinguishes Self from Non-Self

Natural-killer (NK) cells constitute an
important part of the innate immune system
and are able to respond more rapidly than cells
of adaptive immunity. It is known that the
cytolytic activity of NK cells is tightly regu-

lated by an array of activating and inhibitory
receptors on the cell surface. The inhibitory
receptors primarily recognize class I major
histocompatibility complex (MHC) molecules
(1,2). Structurally, they comprise two distinct
superfamilies: C-type lectinlike (CTLR) and
immunoglobulinlike. Murine Ly49 receptors
are thought to be the functional orthologs of
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human killer immunoglobulinlike receptors
(KIRs).

Killer-cellimmunoglobulinlike receptors are
type I transmembrane glycoproteins with two
or three extracellular C2-type immunoglobulin
domains (3,4). The inhibitory forms contain
immunoreceptor—tyrosine-based inhibitory
motifs (ITIM) in their cytoplasmic tail and the
noninhibitory forms have a shorter cytoplas-
mictail and contain a positively charged residue
in the transmembrane region (/,2). Human
KIRs are encoded by approximately 12 genes
located in the leukocyte receptor complex
(LRC)region onchromosome 19q(5,6). A sim-
ilar number of KIR genes have been identified
in other primate species (7). Among other KIR-
like cell surface receptors, immunoglobulin-
like transcript (ILT) or LIR contain two or four
Ig-like domains (8—10), leukocyte-associated
Ig-like receptors (LAIR-1 and LAIR-2) con-
tain a single Ig-like domain (//), and paired
Ig-like receptors (PIR-A and PIR-B) contain
six Ig-like domains (/2-14). They display
35-50% sequence identity with KIR and are
part of the KIR superfamily.

The first crystal structure of a KIR/human
leukocyte antigen (HLA) complex was that of
KIR2DL2 bound to HLA-Cw3 with a non-
amer self-peptide GAVDPLLAL (GAV) from
importin-al (/5) (Fig. 1). The structure
revealed a common 1:1 binding mode, in
which KIR binds across both the a1 and o2
helices of HLA. This orientation is analogous
toT cellreceptor (TCR)/HLA interaction, with
the tandem D1 and D2 domains of KIR assum-
ing positions similar to the Vorand V3 domains
of TCRs (16). Both KIRs and TCRs bury sim-
ilaramounts of solvent-accessible surface area
(1500—1800 A2) and exhibit comparable shape
complementarity (Sc = 0.45 — 0.71) when
complexed with HLA molecules. There are,
however, unique features in the KIR/HLA
recognition. Forexample, TCRs prefer to inter-
act with peptides at the central P4-P6 posi-
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tions (/7), whereas KIR binding is centered
toward the C-terminal end P7-P8 position of
the peptide. The footprint of a KIR on HLA
is distinct from but overlaps that of TCRs, pre-
cluding simultaneous binding.

The ligand-binding region of a KIR com-
prises six surface loops at the interdomain
hinge area. In contrast to TCR/HLA interfaces
that consist of predominately nonpolar van der
Waals and hydrogen-bonding interactions, the
KIR/HLA interface contains a significant
amount of charge complementarity. In all, a
KIR provides six acidic residues and HLA con-
tributes six basic residues to the interface,
resulting in the formation of four salt bridges
between KIR2DL2 and HLA-Cw3 (Glu21-
Arg69, Glul06-Argl51,Aspl135-Argl45, and
Asp183-Lys146). Therelevance of this charge
complementarity to the KIR/HLA recognition
was investigated by individually mutating
the three salt-bridge-forming residues
of KIR2DL2 (GIlul06A, Aspl135H, and
Aspl83A). Equilibrium binding measure-
ments using surface plasmon resonance (SPR)
techniques revealed drastic reductions in HLA-
Cw3 affinity for all three mutants (Table 1),
highlighting the importance of these salt
bridges and suggesting a critical binding
threshold for recognition. In addition to the
salt bridges, there are seven hydrogen bonds
and two hydrophobic patches present at the
receptor—ligand interface.

Allotype specificity is an integral charac-
teristic of a KIR/HLA interaction. For exam-
ple, KIR2DL1 interacts with HLA-Cw2, 4, 5,
6,and 15, whereas KIR2DL.2 recognizes HLA-
Cwl, 3,7, and 8 allotypes. Earlier studies have
implicated KIR2D residue 44 and the HLA-C
heavy-chainresidue 80 as being critical in allo-
typic recognition. Interestingly, residue 80 is
the only class I interface residue that varies
among the two classes of KIR-specific HLA-C
allotypes. It is an Asn in HLA-Cwl, 3, 7, and
8,butaLysin HLA-Cw2, 4,5, 6, and 15 allo-

Sun



Fig. 1. The structure of KIR2DL2 and HLA-Cw3 complex. The $2m domain, the HLA-Cw3 heavy chain,
and the GAV peptide are colored green, blue, and red, respectively. The KIR molecule is colored yellow.

types. In the KIR2DL2/HLA-Cw3 complex,
Lys44 of the KIR makes a hydrogen bond to
Asn80 of HLA-Cw3. KIR2DL1, which does
not bind to HLA-Cw3, has a Met at position
44 instead and cannot make this hydrogen
bond. Alternatively, Lys44 of KIR2DL2 would
have unfavorable electrostatic and steric inter-
actions with Lys80 of HLA-Cw4, thus desta-
bilizing the KIR/HLA complex.

Structure and Function of NK-Cell
Receptors

In addition to the class I MHC residues,
the associated peptides are also crucial for
KIR recognition (/8). In the structure of
KIR2DL2/HLA-Cw3 complex, the receptoris
situated over the peptide residues P7-PS,
resulting in a hydrogen bond between Gln71
of the receptor and the GAV peptide. This inter-
action brings Ala8 sufficiently close to the KIR
that it may constrain the size of the P8 side
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Table 1. Dissociation Constants for KIR2DL2/
HLA-Cw3 Interaction

Ky, (W)
KIR mutant
Wild type 28
R33A 30
K44M >400
Y105A >400
E106A 185
D135H >400
DI183A >400
Cw3 peptide
GAVDPLLAL 9.5
....... S. 423
....... V. 525
....... Y. > 600
....... K. > 600
AAADAAAAL 48.5
TAMDVVYAL 38
QATSPRTL 74
HLA-E peptide > 600

chain for KIR/HLA interaction. Substitutions
at the P8 position of the GAV peptide from
Ala to Ser, Val, Tyr, and Lys revealed that the
affinity of KIR2DL2 for HLA-Cw?3 decreases
as the size of the peptide P8 side chain
increases. In fact, P8 residues larger than Val
essentially abrogated KIR2DL2 binding
(Table 1). Interestingly, HLA-Cw3 complexed
with a nine-residue TAMDVVYAL peptide,
or a motif peptide AAADAAAAL, both differ
from GAV except at the P4, P8, and P9 posi-
tions, bind to the receptor with affinities sim-
ilar to that of the wild-type GAV peptide. These
results confirm that residues other than P7 and
P8 do not contribute significantly to the recep-
tor recognition.

A distinguishing characteristic of KIR/HLA
interaction is that the interface is more con-
served than TCR/HLA interfaces. For exam-
ple, only 8 out of 16 HLA-A2 residues in
contact with the A6 TCR are conserved among
HLA-A alleles. This reflects the very differ-
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ent functions of KIRs and TCRs in the innate
and adaptive immune system, respectively.
KIR molecules recognize large groups of HLA
alleles bound to diverse peptides, essentially
detecting whether or not various HLA allo-
types are being expressed on target cells.
Clonotypic TCRs, on the other hand, recog-
nize particular HLA/foreign peptide com-
plexes with a high specificity in order to discern
the presence of an intracellular pathogen. As
a component of the first line of defense, NK
cells in the innate immune system must
respond rapidly without the luxury of time.
Consequently, NK-cell receptors such as KIR
are germline encoded, resulting in a limited
number of receptor types per individual. How-
ever, effective immunosurveillance of class I
HLA expression entails recognition of numer-
ous HLA alleles, many more than the number
of KIR receptor types available. KIR accom-
plishes this by recognizing conserved residues
within polymorphic HLA molecules.

Structure of the Activating Receptor
NKG2D in Complex with ULBP

NKG2D, a member of the CTLR superfamily
and distantly related to NKG2A, B, C, and E,
is found on NK cells to trigger cytotoxicity
against certain tumor cells and on CD8* oy T
and YO T cells to provide a costimulatory signal
against virally infected cells (/9-22). Efforts
in searching for NKG2D ligands have led to
the identification of MICA and B and ULBPs
in human and Rae-1 and H60 in mice
(19,23,24). MICA and B display a1, a2, and
a3 domains similar to those found in class I
MHC heavy chains, but do not associate with
peptides and B2-microglobulin (25). ULBP,
Rae-1, and H60 are also class I-like molecules
but contain only the a1 and o2 domains, and
are glycosylphatidylinositol (GPI) anchored
(26). The sequence identities among MICs and
ULBPs are about 25%, making NKG2D a
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NKG2D_A

NKG2D_B

Fig. 2. The structure of the NKG2D-ULBP3 complex. Subunits A and B of the NKG2D homodimer are
shown in red and yellow, respectively. ULBP3 is colored in blue.

unique activating receptor with the ability to
bind diverse MHC class I-like ligands. The
structural basis of such broad specificity of
NKG@G2D is yet to be determined.

The structure of a human NKG2D receptor
in complex with its ligand ULBP3 has been
determined to 2.6 A resolution (27). The over-
all shape of the NKG2D/ULBP3 complex
resembles a crab preying on a seashell (Fig. 2).
The crab-shaped receptor uses its claw-shaped
B-strands and loops, at the end opposite to the
N- and C-termini, to grab on the ridge-shaped
helical surface of ULBP3. This mode of com-

Structure and Function of NK-Cell
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plex formation is also observed in the
NKG2D/MICA complex. The interaction
between a homodimeric NKG2D and the
asymmetrical ULBP3 results in an asymmet-
rical receptor subunit orientation slightly dif-
ferent from that observed in the dyad-related
ligand-free murine receptor. Although all
classical MHC molecules present peptides,
no peptide was found in the corresponding
peptide-binding region of ULBP3. The spacing
between the o-helices of ULBP3 ranges from
8 to 14 A, narrowest among all MHC homo-
logs. In addition, a salt bridge, conserved in
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all three ULBP sequences, is formed across
the groove between Asp 87 of the ot1-helix and
Lys 151 of the a2-helix and further stabilizes
the closed groove conformation.

The interface shape complementarity value
Sc is 0.65 between the receptor and ULBP3
(28), similar to that between NKG2D and
MICA (29) and greater than those between
KIR and HLA or between TCR and MHC
(Sc =0.5-0.6) (30). The total buried interface
is 1930 A2 (8.2% and 10.7% of the respective
NKG2D and ULBP3 surface), slightly smaller
than the 2180 A? buried between NKG2D
and MICA (29) but larger than the 1560-A2
interface between the KIR and HLA (30), or
the 1700-1800 A2 between TCR and MHC
(31-33). Each receptor subunit contributes
approximately half of the total interface area.
Inall, six receptor segments, three similar seg-
ments from each subunit, interact with the
ligand. The interface is stabilized primarily by
anetwork of 10 hydrogen bonds, 2 saltbridges,
and hydrophobic interactions.

NKG2D/ULBP3 Recognition Displays
Conformational Plasticity

Conformational plasticity or induced-fit bind-
ing refers to a situation in which a receptor
undergoes ligand-specific conformational
adjustments upon complex formation. This is
opposed to the lock-and-key recognition,
where no conformational adjustment takes
place upon complex formation. Depending on
the receptor—ligand system, both induced-fit
and lock-and-key modes of recognition have
been observed. Many cytokine receptor acti-
vations, certain T cell receptor and class IMHC
recognition (34), and some antigen—antibody
complexes are thought to involve induced-fit
mechanisms. The examples of lock-and-key
recognition include the KIR/HLA complex
and the adhesion CD2/CD58 complex (30,
35,36). NKG2D/ULBP3 complex displays
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characteristic features of an induced-fitrecog-
nition. First, the binding of the ULBP resulted
in an asymmetric orientation of the homo-
dimeric NKG2D subunits. A similar adjust-
ment in the receptor subunits was also observed
in the NKG2D/MICA complex structure (29).
Second, different receptor residues were
recruited from each subunitto match the asym-
metrical ULBP3 surfaces. Although both sub-
units of NKG2D employ the same loops to
bind ULBP3, the actural interface residues
varies between the subunits as aresult of inter-
acting with different ULBP3 residues. For
example, among the 12 ULBP3 residues that
contact NKG2D, only 2, Arg 82 and Asp 169,
are conserved in MICA. However, they do not
mediate the same interface contacts. This
receptor conformational plasticity in both the
domain and the side-chain orientations enables
the receptor to adapt various ligand surfaces
while preserving an overall receptor-ligand
docking orientation.

Activation of CD16 Requires the
Formation of Inmune Complexes

Binding of immune complexes to CD16
(FcyRIID) activates NK-cell-mediated anti-
body-dependent cellular cytotoxicity (ADCC).
Fcreceptors have been described for all classes
of immunoglobulins: FcyR and neonatal FcR
(FcRn) for IgG, FceR for IgE, FcaR for IgA,
FcdR for IgD, and FcuR for IgM (37-40).
Among them, FcyRI and FceRI are high-affin-
ity Fc receptors with dissociation constants
ranging from 107 to 107!° M. All other IgG
receptors, such as FcyRII and FeyRIII, are low-
affinity receptors with dissociation constants
103-10"7 M. The high-affinity receptors FceRI
and FcyRI are activated by monomeric
immunoglobulins. Under physiological con-
ditions, the low-affinity receptors FcyRII and
FcyRIII require the formation of multivalent
immune complexes for their activation.
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All Fcy receptors show high degree of
sequence identity in their extracellular portion
(50-96%), but differ significantly in their cyto-
plasmic domains. Some Fcyreceptors contain
the immunoreceptor tyrosine-based activation
motif (ITAM) (FcyRIIA,C) or the corre-
sponding inhibitory motif (ITIM) (FcyRIIB)
in their cytoplasmic tails. Others (FcyRI and
FcyRIIIA) require the association of the ITAM
containing Fc receptor common 7y-chain or
T cell receptor € chain for signaling.

The crystal structure of a human FcyRIII
in complex with the Fc portion of a human
IgG1 has been determined to 3.0 A resolution
(41,42) (Fig. 3). The receptor binds to the
horseshoe opening, the lower hinge region, of
the Fc, breaking down the dyad symmetry of
the Fc. This binding mode excludes the pos-
sibility of having a second receptor interact-
ing with the same Fc molecule, resulting in a
1:1 stoichiometry for the receptor—Fc recog-
nition. This ensures the need for antigens and,
hence, the immune complexes in forming an
activation receptor aggregation and eliminates
the possibility of Fc-mediated receptor
aggregation as suggested in a 2: 1 stoichiom-
etry. Approximately 1453 A2 solvent accessi-
ble area is buried upon FcyRIII-Fc complex
formation. All contacts to the Fc are made
exclusively through the receptor D2 domain,
whereas its D1 domain is positioned above,
making no contacts with Fc (Fig. 3). On the
Fc side of the complex, interactions with the
receptor are dominated by residues Leu 234-
Pro 238 of the lower hinge, consistent with
the results from earlier mutational studies (43).
A network of nine hydrogen bonds, including
both the main-chain and the side-chain ones,
is formed between the receptor and Fc. A pro-
line sandwich is formed between Trp 90, Trp
113 of the receptor, both conserved in all
human Fcy and Fce receptors sequences, and
Pro 329, invariant among all Fc sequences.
This hydrophobic core extends further to
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include Val 158, the aliphatic side chain of
Lys 161 from the receptor and Leu 235 from.
Mutations of both Trp 113 and Lys 161 in
FcyRIII lead to the loss in receptor function
(44,45).

The structural comparison between the
FeyRIII-Fc complex and the FceRI-Fc com-
plex shows a similar mode of receptor-ligand
recognition and the two complexes can be
superimposed to aroot mean square (rms) devi-
ation of 1.5 A between all Co. atoms. How-
ever, significant differences are also observed.
First, there are more extensive hydrophobic
interactions between the FceRI and IgE-Fc
than between FcyRIII and IgG-Fc. Second,
more hydrogen bonds and salt bridges exist
at the FceRI-Fc interface compared to
FcyRIII-Fc. Interestingly, the hydrogen bonds
in the FceRI-Fc interface are formed mostly
between the side-chain atoms, whereas those
in the FcyRIII-Fc interface are formed pri-
marily between the main-chain atoms or
between the main-chain and side-chain atoms.
There are two salt bridges observed between
FceRI and Fc, but only one is found between
FeyRIII and Fc. The comparison suggests that
multiple interactions contribute to the observed
receptor—ligand affinity difference and that the
high-affinity recognition contains more exten-
sive hydrophobic interface area as well as more
prominent electrostatic interactions.

The study on the binding of peptides with
the sequences of lower hinges of IgG1, IgG2,
and IgG4 (denoted as plgGl, plgG2, and
plgG4) to FcyRIIl was carried out in an attempt
to explain the receptor IgG isotype specifici-
ties (46). The receptor—peptide binding con-
stants ranged from 100 to 400 uM. The results
of this study show that pIgG2 and pIlgG4 have
nearly the same affinity to FcyRIII as pIgGl.
Replacing Leu with Phe in pIgG4 or changing
Glu-Leu-Leu-Gly to Pro-Val-Ala in pIgG2 in
addition to a single-residue deletion makes little
difference in their affinity to the receptor, sug-
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Fc-A Fc-B

Fig. 3. The structure of a human FcyRIII-Fc complex. FcyRIII and Fc are shown in yellow and blue.
Carbohydrate moieties are shown in gray. The receptor-ligand interface loops are highlighted.
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gesting that factors other than the lower-hinge
amino acid composition play important roles
in determining receptor—IgG-subtype affinity.
Additionally, this study was aimed at the
ability of lower-hinge peptides to block
antibody-receptor interaction. The fact that
these lower-hinge peptides are able to block the
Fc binding to FcyRIII revealed the possibility
of designing new therapeutic compounds to
control antibody-mediated autoinflamma-
tory response in the case of certain autoimmune
diseases, such as rheumatoid arthritis (47).
The contribution of glycosylation of Fc to
the function of immunoglobulins has been
debated over the years (48-50). In both
FcyRIII-Fc and FceRI-Fc complex structures,
the carbohydrates have few direct interactions
with the receptors (41,42,51). To understand
the apparent discrepancy between the known

importance of this glycosylation to the func-
tion of FcyRIII and the lack of a direct contact
at the receptor—Fc interface, BIAcore-binding
studies were carried out using a deglycosylated
IgG1 and its Fc fragment as the ligand (46).
Upon enzymatic deglycosylation, the FcyRIII
affinity to IgG1 decreased 10-fold to 15-fold,
whereas the receptor affinity to the Fc fragment
was undetectable. Because the carbohydrates
contactlittle with the receptor, one possiblerole
for the carbohydrates is to function as a surro-
gate hydrophobic core between the two chains
of Fc, thereby stabilizing the IgG lower hinge
in an active receptor-binding conformation.
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